Abstract-Intelligent digital redesign involves converting a continuous-time fuzzy-model-based controller into an equivalent discrete-time counterpart for the digital control of continuous-time nonlinear systems by using the Takagi-Sugeno (TS) fuzzy models. In this paper, authors present a new global state-matching intelligent digital redesign method for nonlinear systems by using genetic algorithms (GAs). More precisely, the intelligent digital redesign problem is converted to an equivalent optimization problem, and then GAs are adopted to find a solution. The search space, in which each problem variable is defined for GAs, are systematically obtained by the interval arithmetic operations. The proposed method results in global matching of the states of the analogously controlled system with those of the digitally controlled system while the conventional intelligent digital redesign method does not. The Chen's chaotic system is used as an illustrative example to show the effectiveness and the feasibility of the developed method. The proposed method provides a new approach for the digital redesign of a class of fuzzy-model-based controllers.
I. INTRODUCTION
A LARGE number of real physical dynamic systems are described in continuous-time setting. On the other hand, as the advanced microprocessors and microcomputers become easily available, implementing controllers with digital devices is highly desirable. In view of theoretical aspects, however, continuous-time (analog) control theories are quite suitable for the practical continuous-time systems although discrete-time (digital) controllers may actually be involved in the real control-loop. In addition, the design of continuous-time controllers is often required to meet some control specifications described in the continuous-time frameworks. The so-called digital redesign is to design an analog controller first and then convert the obtained analog controller to the equivalent digital controller maintaining the properties of the analogously controlled system, by which the benefits of both continuous-time controllers and the advanced digital technology can be achieved.
Many analytic digital redesign methods have been studied for linear systems [1] - [7] . Thanks to the extensive research works of various kinds of digital redesign techniques by Shieh et al. [1] , [3] , [5] , [6] , the digital redesign technique for linear sysManuscript received July 7, 2001 ; revised March 12, 2002 and May 20, 2002 . This work was supported by the Brain Korea 21 Project.
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Digital Object Identifier 10.1109/TFUZZ. 2002.806315 tems become attractive for the practical implementation of digital controllers. However, there are relatively less research works on the digital redesign of nonlinear systems [8] - [10] since it is very difficult, if not impossible, to derive an analytical solution of the digital redesign of complex nonlinear systems. Yokoyama et al. [8] applied a digital redesign technique for the motion control of a nonlinear robot manipulator system by using the linear approximation technique. Xu et al. [9] successfully established a digitally redesigned controller for the chaotic Chua's circuit. In their method, the chaotic Chua's circuit is represented by multiple linear systems and the conventional digital redesign technique is applied to each system. Although the digital redesign technique is successfully applied to some nonlinear systems, it is still needed to develop the digital redesign method for the more general nonlinear systems. Fortunately, the Takagi-Sugeno (TS) fuzzy model is helpful in this case since it combines the fuzzy inference rules with some local linear state-space models, which allows the easy application of various linear system theories to nonlinear systems. Joo et al. [10] developed an intelligent digital redesign technique for the digital control of the chaotic Chua's circuit with the TS fuzzy model and a fuzzy-model-based controller where each digital control rule is determined by applying the conventional digital redesign technique to each local closed-loop system. This approach is very appealing to the digital redesign of nonlinear systems since many nonlinear systems can be represented by the TS fuzzy models [10] , [11] . Although this allows the designer to take advantage of the classical digital redesign techniques for nonlinear systems, it may lead to undesirable and/or inaccurate results since the digital redesign is considered for each subclosed-loop system and does not guarantee the global equivalence between the analogously controlled system and the digitally controlled counterpart. However, the analytic global digital redesign of fuzzy-model-based controllers is difficult due to their nonlinear behaviors. Genetic algorithms (GAs), on the other hand, have shown to be flexible and robust optimization tools for many nonlinear optimization problems, where the relationship between adjustable parameters and the resulting objective function is assumed to exist but mathematical relationship is not clear [12] . Thus, the aforementioned intelligent digital redesign problem is effectively solvable by GAs since it can be converted to an optimization problem. For linear systems, Hsu et al. [4] suggested an algorithm to obtain a digitally redesigned controller with GAs and applied it to a second-order linear system. Recently, Shieh et al. [13] implemented a GA-based digital redesign method for uncertain linear systems. However, all of the above approaches have focused on the digital redesign for linear systems, and the digital redesign technique for complex nonlinear systems has not been fully investigated yet.
In this paper, we propose a GA-based intelligent digital redesign method for the digital control of complex continuous-time nonlinear systems with the TS fuzzy models and fuzzy-model-based controllers. For this purpose, we consider that the continuous-time TS fuzzy model and the well-designed continuous-time fuzzy-model-based controller are available for the given continuous-time nonlinear system. Then, we develop the GA-based intelligent digital redesign technique of the continuous-time fuzzy-model-based controller so that the states of the original continuous-time system and the digitally redesigned system are closely matched.
The proposed method improves the performance of the intelligent digital redesign method authored by Joo et al. [10] , in which only the local intelligent digital redesign has been proposed. More specifically, we convert the intelligent digital redesign problem into the equivalent nonlinear optimization problem, which GAs are applied to solve. The conversion of the problem can be justified since the digital redesign of a given analogously controlled system intends to match the states or outputs of the original analogously controlled system with those of the resulting digitally controlled counterpart. For the application of GAs to the given intelligent digital redesign problem, GAs need to know the search space in which each variable is defined for the given optimization problem. Therefore, we also present a new systematic procedure to determine the intervals by adopting the interval arithmetic operations [3] . In addition, we use the problem-specific information to obtain the better solution.
The main contribution of this paper is to establish the systematic digital redesign algorithm for the digital control of continuous-time nonlinear systems by using GAs and fuzzy control theory. The proposed method carried out in this work can be applied to any nonlinear systems represented by the TS fuzzy models. Since various modeling and identification algorithms for the TS fuzzy model are available in the literature [10] , [14] , [15] , our results are not limited by some specific nonlinear systems. Our simulation results convincingly show that the digitally redesigned controller can provide a satisfactory global statematching property compared with that of the previous work [10] . We should also note that the proposed method surprisingly outperform the conventional method although the solution is found numerically, i.e., by GAs, which appeals to the practical realization of the digital controllers of nonlinear systems.
The rest of this paper is organized as follows. Section II describes two representative fuzzy model structures, namely, the continuous-time and discrete-time TS fuzzy models. The local intelligent digital redesign method is also briefly reviewed. The GA-based intelligent digital redesign of complex nonlinear systems with the TS fuzzy models is discussed in Section III. Then, in Section IV, the TS fuzzy model of the Chen's chaotic system is constructed and used as a test example for the proposed method. Finally, conclusions are drawn in Section V with some discussion.
II. PRELIMINARIES
This section reviews two representative fuzzy model structures, namely, continuous-time and discrete-time TS fuzzy models, and the concept of the local intelligent digital redesign method is also presented.
A. Two Representative TS Fuzzy Model Structures
Consider a continuous-time nonlinear dynamical system (1) where is the state vector, is the control vector, and and are nonlinear vector functions. This nonlinear system can be approximated or represented by the continuous-time TS fuzzy model, which is composed of a set of fuzzy inference rules and some local linear state-space models of the system over a certain region of the state space [11] , [16] . We use the following TS fuzzy model to represent a complex, multiple-input-multiple-output (MIMO), nonlinear system:
Rule IF is and and is THEN (2) where ( ) is the fuzzy set of the th premise variable, is the number of fuzzy rules, , , and are the premise variables. Using the center-average defuzzification, product inference, and singletone fuzzifier, the global dynamics of (2) can be described by (3) where and is the grade of membership of in . We use the fuzzy-model-based controller as shown by Rule IF is and and is THEN (4) where is the feedback gain in the th fuzzy subspace, which is to be predesigned. The defuzzified output of the fuzzy-modelbased controller is given by (5) where The rule structure of the corresponding discrete-time TS fuzzy model is Rule IF  is  and  and  is  THEN  (6) where , , and are the premise variables, and is the sampling period.
Similarly, the global dynamics of (6) can be described by (7) where and is the grade of membership of in . The corresponding discrete-time fuzzy-model-based controller has the following structure:
IF is and and is THEN for (8) where is the feedback gain to be digitally redesigned in the th fuzzy subspace. The defuzzified output of the fuzzy-modelbased controller is given by (9) where
B. Local Intelligent Digital Redesign
The conventional digital redesign method tries to match the closed-loop state at with the digitally controlled state at , which has been developed mainly for linear systems. In [10] , Joo et al. proposed an intelligent digital redesign technique for nonlinear systems by using the TS fuzzy models. In this paper, we rename the intelligent digital redesign method in [10] as the local intelligent digital redesign method to differentiate it from the newly proposed GA-based intelligent digital redesign method.
This local intelligent digital redesign technique was successfully applied to the digital control of the chaotic Chua's circuit. This method, however, may give the degraded performance since it focuses not on the digital redesign of the global closed-loop system but on that of the local closed-loop systems. Therefore, the intelligent digital redesign method achieving the global state matching is necessary. As stated before, obtaining the more precise and analytic intelligent digital redesign of the fuzzy-model-based controller is very difficult. However, it is evident that there is some hidden, underlying relationship between the analogously controlled system and the digitally controlled system. In Section III, we propose a GA-based intelligent digital redesign algorithm to resolve this problem.
III. GA-BASED INTELLIGENT DIGITAL REDESIGN OF FUZZY-MODEL-BASED CONTROLLERS

A. Problem Description
The intelligent digital redesign problem can be stated as follows: Given the continuous-time nonlinear system (1), the continuous-time fuzzy-model-based controller (4) and the sampling time , design a discrete-time fuzzy-model-based controller (8) to minimize the cost function defined by (10) where is the final time of interest, and are the th state variables of the state vectors and , respectively, with a sufficiently large integer , and and are the th state variables of the state vectors and evaluated at , respectively. The intersampling behavior of the analogously controlled system can also be considered by the objective function (10) . We also note that the above objective function considers the global state-matching between the analog and the digital system. The given intelligent digital redesign problem is stated as following optimization problem: find to minimize (11) where is the digital gain found by the proposed GA-based intelligent digital redesign method. Fig. 1 illustrates the concept of the proposed GA-based intelligent digital redesign method.
B. Determination of Search Space by Interval Arithmetic Operations
The problem of applying GAs to the intelligent digital redesign is that GAs need to know the search space in which each problem variable is defined. More precisely, the intervals of entries of gains have to be determined. To resolve this problem, we adopt the interval arithmetic operations to determine the search space for the GA-based intelligent digital redesign. The notes on interval arithmetics are found in [6] . The fuzzy system (3) is represented as the following interval system: (12) and the closed-loop system controlled by the continuous-time fuzzy-model-based controller (5) is given by (13) where , , and are interval matrices. In order to obtain the interval matrices and , we first need to define some important bounds of the continuous-time TS fuzzy model (3) and fuzzy-model-based controller (5) . Each entry of the upper and lower bounds of , , and are defined by (14) where , , ,
the , th entry of , , , , , , , , and , respectively. In the following discussion, we call this bounds the accurate bounds, and the consequently obtained interval matrices accurate interval matrices. These bounds play a key role in determining the search space for the GA-based intelligent digital redesign algorithm. Since the accurate bounds can not be obtained easily, we may choose conservative bounds and interval matrices called approximate bounds and approximate interval matrices, respectively. We propose the following algorithm to search for the practical approximate interval matrices.
Approximate interval matrix searching algorithm
Step 1) Define the following interval number:
Step 2) The approximate interval matrices can be obtained by (16) We now have the interval system (12) and (13) of the zero input and the controlled TS fuzzy model (3) from the above pro-cedure, respectively. In the sequel, we evaluate the discrete-time representation of (13) as follows: (17) where will be determined later. The integral term in (17) can be approximately evaluated using the trapezoidal rule approximation method [6] and the following assumption.
Assumption 1: The sampling period is sufficiently small so that during any interval [ ] the degree of fulfillment of the th fuzzy rule can be approximated by . With the Assumption 1 and the trapezoidal rule approximation method, we obtain (18) where will be calculated in the followings. Substituting (18) into (17) yields (19) The next step is to find a discrete-time interval representation of the continuous-time TS fuzzy model (3) controlled by digital control input. The discrete-time interval system is represented as follows: (20) where and such that By using a geometric-series approximation method together with the interval arithmetics, the unstructured approximants and are calculated as follows [6] :
Thus, we can conclude that the system matrices of the discrete-time model of the continuous-time TS fuzzy model (3) are in the intervals given by the matrices and determined in (21) and (22). Based on the obtained interval matrices, we now determine the intervals where the gains of discrete-time fuzzy-model-based controller are included.
Then, the hybrid state equation of the digital system which is obtained from the continuous-time TS fuzzy system (3) and the discrete-time fuzzy-model-based controller (7) is (23) and the corresponding discrete-time interval system (23) is approximated as follows: (24) where is determined from the same procedure described in (15) and (16) .
Let the state in (19) closely match the state in (24). Then, we obtain (25) Solving (25) for gives (26) Therefore, any digitally redesigned gains must satisfy the following constraint:
(27) Thus, we obtain the interval matrix where optimal digitally redesigned gains are included. The optimization problem (11) is modified as follows:
Find to minimize subject to (28)
C. Structure of the Chromosome
GAs represent the parameters for the given problem by the chromosome which may contain one or more substring(s). Each chromosome, therefore, contains a possible solution to the problem.
In the proposed GA-based intelligent digital redesign, the variables of interest are and each chromosome must contain the information about the gains of the discrete-time fuzzymodel-based controller. The convenient way to represent the information into the chromosome is concatenating the th rows of th gain, which is shown as (29) where is the binary coded substrings encoding the th digital gain of the fuzzy-model-based controller and is the , entry of . Fig. 2 shows the structure of the chromosome for the proposed GA-based intelligent digital redesign method.
D. Initial Population
The initial population is randomly generated within the given search space. However, the aforementioned developed interval method might give conservative results due to the use of interval arithmetic operations. Therefore, the performance of GAs may be degraded due to the insufficient reduction of the search space. To avoid this problem, we use the following scaled interval matrix in generating the initial population: (30) where is the scaling factor.
In addition, we also utilize another domain knowledge available, that is, the digital gains by the local intelligent digital redesign method [10] are first constructed and inserted into the population for the fast evolution of GAs. For the readers' convenience, we rewrite the result of the local intelligent digital redesign in the following equation:
where is the digital gain by the local intelligent digital redesign method.
In summary, the initial population is randomly generated within the interval given in (30), and the local optimal solution is also inserted. Note that the reduced search space (30) is used only for the initialization of the population.
E. Evaluation of Individual Fitness
Since the GAs guide the optimal solution to the direction of maximizing the fitness function value, it is necessary to map the objective function (10) to the fitness function form by (32) where is the coefficient to prevent the large raw fitness function value.
The raw fitness function in (32), however, may cause the early convergence of the solution due to the individual with the very high fitness value generated by the local intelligent digital redesign method. To avoid this problem, the individuals are sorted according to their raw fitness values, and the new fitness values are determined by their ranks as follows: (33) where is the ranking of the individual and is the population size.
F. Algorithm Description
The GA-based intelligent digital redesign algorithm can be summarized as follows.
Step 1) Set the values of the parameters for GA: maximum number of generation ( ), population size ( ), crossover rate ( ), and mutation rate ( ).
Step 2) Construct initial population with randomly generated individuals. In this paper, we use binary coded chromosomes to represent the solution parameters and each chromosome is generated to put the parameters of a discrete-time fuzzy-model-based controller within the interval given by (30).
Step 3) Decode the chromosome of each individual in the population and determine the discrete-time fuzzy-model-based controller. Evaluate the determined discrete-time fuzzy-model-based controller by (10) and give a fitness value to each individual in the population by (33).
Step 4) Evolve the new population by reproduction, crossover and mutation. If the offsprings violate the constraints (28), the reproduction is repeated to generate the offstrings satisfying the constraints.
Step 5) Increase the generation number by replacing old generation with new generation . During the replacement, preserve an individual which has the maximum fitness value by the elitist reproduction.
Step 6) Repeat Steps 3)-5) until one of the following conditions is satisfied: a) the satisfactory population appears; b) the generation number is reached to ; c) the fitness function is not increased for the prescribed number of generations.
Remark 1:
In the initialization and the evolution of the population, the feasibility of each chromosome must be checked to avoid creating infeasible chromosomes. This can be done by checking whether or not the chromosome violates the constriaints (28) or (30) in the initialization or the evolution, respectively. Besides these constraints, the stability of the fuzzy-model-based controller must be also checked by stability checking algorithms or numerical simulation. In this paper, stability checking algorithms in [17] are used to check the feasibility of chromosomes.
Remark 2: If an infeasible chromosome is generated in the initialization of population, the chromosome is simply regenerated randomly until the feasible chromosome appears. In the evolution of the population, the backtracking algorithm presented in [18] is used to replace the infeasible chromosome.
IV. SIMULATIONS
To show the effectiveness of the proposed GA-based intelligent digital redesign method in designing the discrete-time fuzzy-model-based controller, the Chen's chaotic attractor is used as a test bed. The dynamics of the Chen's chaotic attractor are as follows [19] : (34) where , , and . Fig. 3 shows the phase portrait of the Chen's chaotic attractor with initial condition , from to . In order to construct a TS fuzzy model, the range of state variables is set to be . These boundaries are found by the numerical simulation of the chaotic attractor, using the given parameter values. The TS fuzzy model of the controlled system is [20] Rule IF is THEN
where where By using (21) and (22), the corresponding discrete-time interval system can be obtained as (38) where the first equation shown at the bottom of the next page holds.
We first need the analog controller for the given continuous-time TS fuzzy model (35) to find the search space in which GAs find the optimal digital gain . The rule structure of a continuous-time fuzzy-model-based controller is Rule IF is THEN (39) Choosing the closed-loop eigenvalues [ 15, 15, 15] , we get
The stability of the analogously controlled system is easily verified by finding a common matrix [17] . We find the interval matrix for GA optimization procedure based on (39), which are obtained by using (26) as shown in (40) at the bottom of the page. By using the interval model (38) and the interval gain matrix (40), we are now ready to design the digital controller by GAs. The sampling time is 0.05 (s), the number of maximum generation is 50, the population size is 50, crossover rate is 0.8, mutation rate is 0.1, the number of bits of each chromosome is 100, the number of leaving elites is 2, the scaling factor and is 1. We scale the interval gain matrix (40) to avoid the conservatism of the interval arithmetic operations. In the evolution of the population, the one point crossover operator and the roulette wheel selection method are employed. For the evaluation of each individual, is 1 (s). Since the Chen's chaotic attractor with the continuous-time fuzzy-model-based controller is stabilized within 1 s, the simulation time is sufficient for the evaluation of each individual. To generate the initial population, we use the reduced search space by (30). We again emphasize that the reduced search space is used only for the initialization of the population, and (40) is used instead during the evolution of the population. We also insert an additional individual generated by the local intelligent digital redesign algorithm [10] . The obtained digital gains are as follows: (41) To show the improvement of GA by the proposed method, we compare the performance of the proposed method with that of the usual GA method which does not utilize the predetermined search space and problem-specific information proposed in this paper. All the values of parameters for the usual GA method are the same as those of the proposed method. Since it is assumed that all the information provided by the proposed method cannot be used for the usual GA method, the search space of the usual GA method is determined from the original continuous-time fuzzy-model-based controller. We estimate that the values of entries of the gain matrices of the digitally redesigned fuzzy-model-based controller is within 50% of those of their corresponding entries of gain matrices of the original contin- In Table I , we compare the performance of the proposed method with the local intelligent digital redesign method [10] . For comparison, we select 1000 random initial points in the interval , and the simulation time as (s). Although the proposed GA-based method uses only one initial value, the performance of the proposed method is quite superior to the local intelligent digital redesign algorithm. This result also shows the generalization property of the proposed GA-based intelligent digital redesign method. In the following, computer simulation with the obtained digital controller is performed. Figs. 7 -9 show the simulation results with the initial condition . As shown in all the simulation results, the proposed method is quite successful, even for the highly complex Chen's chaotic attractor which is known to have a higher topological dimension. The closed-loop dynamics are closely matched with that of the analogously controlled system although the sampling period s is relatively large for the digital control of the Chen's chaotic attractor.
V. CONCLUSION
A new approach to controlling nonlinear systems via the intelligent digital redesign of a fuzzy-model-based controller has been developed with the aid of GAs. The proposed method combines GAs with the conventional digital redesign algorithms to enhance the previously developed local intelligent digital redesign method. The intelligent digital redesign problem is converted to the equivalent optimization problem taking into account the intersampling behavior and global state-matching. We also developed a new method to determine the search space of GAs by using the interval arithmetic operations, which is used for the initialization and evolution of the population. To improve the performance of GAs, some other problem-specific information, such as the reduction of the search space and the insertion of the local optimal solution, is also utilized. Using the newly developed method, the resulting states of the digitally controlled sampled-data nonlinear systems are able to match closely those of the original analogously controlled continuous-time nonlinear systems. Computer simulations show the improved performance of the digitally redesigned controller by the proposed method compared with that of the local intelligent digital redesign algorithm. They also reveal that the proposed method has great potential for the digital control of complex nonlinear dynamical systems even with higher dimensions and the longer sampling period.
